ABSTRACT This paper presents a novel reflectarray antenna with enhanced beam steering capability. The reflectarray antenna is based on the hexagonal distribution of the unit cells on the antenna surface. The hexagonal topology changes the angle between the principal axes of the unit cell distribution, preventing the formation of the grating lobe, and improving the beam steering capability of the reflectarray antenna. To verify the proposed idea, two different sets of reflectarray antennas, which includes square and hexagonal lattice topologies with inter-element spacings of 0.52λ and 0.6λ, have been designed, fabricated, and measured at 8.23 GHz. The measurements of the all fabricated reflectarray antennas are in very good agreement with the simulations, and the comparison of the square and hexagonal topologies show that the beam steering capability can be improved by 50% for 0.6λ inter-element spacing by using a hexagonal topology. This improvement shows that a simple modification in the array configuration can be a viable solution for satellite and 5G communication applications that require increased beam steering capability.
I. INTRODUCTION
High gain antennas are essential elements of most satellite communication systems and emerging 5G applications. Parabolic reflectors and array antennas are conventional solutions to meet these requirements. In recent years, a new type of antenna, namely ''reflectarray antenna'', has been introduced for such applications in order to alleviate the issues related with the conventional antenna solutions [1] . Reflectarrays provide a low-profile, low-weight, planar, and readily-deployable alternative, compared to bulky parabolic reflectors and arrays with complex feed networks. A reflectarray antenna is a planar array of printed radiating elements, i.e., unit cell elements, illuminated by a feed source, which is typically a horn antenna. The unit cells on the planar array surface are distributed in such a way that each unit cell compensates the path difference from the feed antenna to the unit cell position. The field received from the feed is reflected from the array surface forming an equiphase front
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in the desired direction. Moreover, reflectarray antennas offer the possibility of beam steering, like conventional phased arrays, but they eliminate the complexity and losses of the feed network; hence, they exhibit higher efficiency. Reflectarrays can provide solutions for many applications including earth stations, onboard antennas in satellite communication systems, micro-spacecraft missions, antennas for radars, and 5G applications [1] - [5] .
Beam steering capability is also an important aspect for the high-gain antennas that are used for most of the satellite applications, where they illuminate the appointed geographical area from Low Earth Orbit and Medium Earth Orbit satellites. The 5G applications also require high-gain antennas within a wide beam steering range in order to guarantee coverage availability [4] , [5] . Therefore, the beam steering reflectarray antennas can be promising candidates for these applications [6] - [11] .
The reflectarray studies in the literature are recently focused on efficient solutions based on some innovative techniques, architectures, and realizations. These recent studies examine the effect of the unit cell element [12] - [18] , inter-element spacing [19] , [20] , and reflectarray aperture shape [21] , [22] on the performance of the reflectarrays. Recently, a reflectarray antenna that utilizes the hexagonal topology has been presented [23] ; however, this study has not provided any experimental result of the fabricated antenna. Besides, the authors have not examined the beam steering capability of the hexagonal topology.
This paper presents a reflectarray antenna that employs a hexagonal lattice topology for the placement of unit cells on the array surface. The paper first presents the simulation approach used for the design of the hexagonal unit cell. The proposed approach is based on the modification of the unit cell arrangement from the conventional square lattice to a hexagonal lattice. Then, four different reflectarray antennas that utilize the square and hexagonal lattices are analyzed using both analytical calculations and full-wave electromagnetic simulations, which are followed by the antenna fabrication and measurements. Finally, a comparison between square and hexagonal lattice based reflectarrays in terms of the beam steering capabilities is presented. To the best of authors' knowledge, the effect of lattice arrangement on the beam steering capability of the reflectarray antennas has been examined for the first time in the literature.
The paper is organized as follows: Section II presents the unit cell structures and simulation approach to design square and hexagonal lattice-based reflectarrays. Section III compares the performances of the designed reflectarrays in terms of phase distribution on the surface of the arrays, radiation patterns, gain bandwidths, and beam steering capability using the simulation and measurement results. Section IV concludes the paper.
II. UNIT CELL STRUCTURES
The design of a reflectarray antenna is implemented through the analysis of the unit cell, which is the building block of the reflectarray antenna. Phase design curve is an important parameter that characterizes the phase response of the unit cell with respect to a change in a physical parameter of the unit cell. The most practical method to extract the phase design curve of a unit cell is the infinite array approach, which is formed by replicating identical unit cells in two dimensions. The approach provides an opportunity for designing array structures by analyzing only a single element, i.e., unit cell with periodic boundary conditions, including the effect of mutual coupling between the elements. The infinite array approach is implemented using a full-wave solver based on Finite Element Method (FEM) in ANSYS HFSS [24] . The periodic boundary conditions are implemented by master and slave boundaries on all respective sides of the unit cell elements. The fields on the ports are represented by a set of Floquet modes. Fig. 1-(a) and (b) show the Floquet mode excitation for square and hexagonal latticebased unit cells, respectively. Fig. 1 -(c) and (d) illustrates the physical parameters of the unit cells that are summarized in Table 1 . 
TABLE 1. Design parameters of the unit cells (mm).
We designed square and hexagonal lattice unit cells with two different inter-element spacing of 0.52λ and 0.6λ, where λ is the free-space wavelength at 8.23 GHz. The printed structure that is given in [25] is called as the phi-shaped unit cell element. This element consists of a fixed-size split ring and a variable length dipole, which is designed at the operating frequency of 8.23 GHz on a 1.575 mm-thick RT/Duroid 5880 (ε r = 2.2, tanδ = 0.0004) substrate. The dipole length is a variable parameter, providing a phase shift inserted by the unit cell while reflecting the incident wave. Fig. 1 -(e) and (f) give the phase design curves for the square and hexagonal unit cells, respectively. These phase design curves indicate a phase range of more than 450 • for all unit cells.
III. SQUARE AND HEXAGONAL LATTICE-BASED REFLECTARRAYS
This section first presents a comparison between square and hexagonal lattice-based reflectarrays. In order to make a fair VOLUME 7, 2019 comparison and examine the effect of placement topology on the reflectarray performance, the unit cell type, offset angle of feed antenna, f /D ratio, reflected beam direction, and interelement spacing are kept the same for both reflectarrays. Fabricated reflectarrays with an inter-element spacing of 0.52λ are shown in Fig. 2 -(a) and (b). These square and hexagonal lattice arrays, having an aperture diameter of 39.8 cm, are composed of 317 and 367 unit cells, respectively. The arrays are illuminated by a horn antenna having an offset angle of 15 • in y-direction to avoid feed blockage in boresight direction. In order to minimize the spill-over losses, f /D ratio is optimized to be 0.65 for an amplitude tapering around of −11 dB at the periphery of the array surface. The required amount of phase provided by each unit cell is calculated to give a particular phase distribution on the array surface for a desired beam direction. The phase distribution on the array surface that is required to achieve a reflected beam direction of 15 • for square and hexagonal lattice-based reflectarray antennas are given in Fig. 2 -(c) and (d), respectively. Power intensities on the unit cells, assuming a cos q function pattern to simulate the normalized power pattern of the feed horn, are illustrated in Fig.2 -(e) and (f). The cos q pattern estimation is a method to determine the feed location and the aperture efficiency of the reflectarray designs [22] . A similar analysis is carried out for the 0.6λ inter-element spacing, where the yielding structures and results are presented in Fig. 3 . The reflected beam directions are 40 • and 60 • , and the number of unit cells are 253 and 297 for square and hexagonal lattice-based reflectarrays, respectively. The aperture diameter for reflectarrays with 0.6λ interelement spacing is 41.5 cm. Fig. 4 shows the setup used in the anechoic chamber measurements. A test fixture is employed to precisely align the 45528 VOLUME 7, 2019 angle and the distance between the feed horn and reflectarray surface. To minimize the scatterings that are not included in simulations, the metallic surfaces of the test fixture are covered by electromagnetic wave absorbing foams during the measurements. The results indicate that both reflectarray topologies yield almost the same gain, which is expected since the gain is mainly determined by the aperture size. The gain bandwidths are also similar for each array since the bandwidth is dominantly specified by the unit cell element employed. These results verify that the hexagonal topology can be readily used instead of the square topology.
Although the gain performances of square and hexagonal lattice-based reflectarrays are similar the hexagonal array topology can be used to obtain a lower phase error as it provides a densely-packed array with more unit cells on the reflectarray surface. Fig. 6-(a) and (b) give the directivity and gain patterns for square and hexagonal lattice-based reflectarrays with 0.52λ inter-element spacing, respectively. There is a very good agreement between the measurements and simulations carried out at CST Studio Suite environment, which is computationally more efficient for such an electrically large problem. The overall efficiency, including the aperture and antenna efficiencies, is measured to be 65% for square and hexagonal lattice-based reflectarrays which shows that the reflectarray antennas were successfully designed.
In order to examine the beam steering capability of the square and hexagonal lattices, several reflectarrays are designed and simulated with an inter-element spacing of 0.6λ, where all reflectarrays have the feed horn offset angle of 15 • , but have gradually increasing, different main beam directions, up to the point where they have a grating lobe. Here, each beam steering state is demonstrated using a separately designed reflectarray antenna, which directs the main (reflected) beam to a specific angle. At this point, 5 square lattice-based and 7 hexagonal lattice-based reflectarrays are designed with main beam directions ranging from 0 • to 40 • and 0 • to 60 • with 10 • steps, respectively. Then, the square lattice and hexagonal lattice-based reflectarrays that are predicted to have grating lobes and have main beam directions of 40 • and 60 • are fabricated and measured, respectively. Fig. 7-(a) and (b) show the simulated and measured directivity patterns for the square and hexagonal lattice-based reflectarrays. The measurement results show a very good agreement with the simulations, which verify the improvement of the beam steering capability for the hexagonal topology.
One can see that a grating lobe appears for the square lattice-based reflectarray that is designed with main beam direction of 40 • , reducing the directivity by 5.46 dB with respect to the maximum directivity at 0 • . However, the grating lobe appears for the hexagonal lattice-based reflectarray that is designed with main beam direction of 60 • , reducing the directivity by about 6.35 dB with respect to the maximum directivity at 0 • , increasing the allowable scan range by 50%. Here, it should also be noted for the hexagonal lattice-based reflectarray that the decrease in the directivity variation is less than 2.7 dB for the design that has a main beam direction of 50 • . These results clearly show that the scan angle range can be improved from 40 • to 60 • by employing a hexagonal lattice, instead of a square lattice in reflectarray antennas. The slight difference between the measurement and simulation results of 40 • state is basically due to the formation of the grating lobe in this limiting state.
The reason behind the beam steering capability improvement can be explained considering the layout of the hexagonal topology [26] . Fig. 8 shows the layouts of the both lattice types. The angle between the axes defining the periodic placement is 90 • in the square lattice, where it is 60 • in hexagonal lattice. This causes a change in the effective inter-element spacing (d eff ) in the horizontal axis, which is given as:
As a result of the hexagonal lattice, the effective distance in the horizontal axis is lower than that of the square lattice with the same inter-element spacing. This situation delays the grating lobe appearance for the reflectarray antennas that are designed to target higher beam steering angles, as observed in Fig. 7 . In addition to that, the fabricated prototypes provide very good cross polarization performances as seen in Fig. 9 . The cross-polarization discrimination of the fabricated and measured antennas is 31.7 dB for the main beam direction in the worst-case.
Taking advantage of this situation, one can design a reflectarray antenna with the inter-element spacing higher than 0.5λ, which increases the spacing required for the integration of additional components required for reconfiguration.
IV. CONCLUSION
This paper presented a reflectarray antenna based on a hexagonal lattice placement of the unit cell, which also includes a comparison between square and hexagonal lattice-based reflectarray designs. The array simulations and measurements illustrate that the scan angle limit can be improved from 40 • to 60 • as the unit cell distribution is modified from the classical square lattice to hexagonal lattice for an interelement spacing of 0.6λ. The results provide a solution for densely packed reflectarrays with an inter-element spacing greater than 0.5λ, which is essential to integrate MEMS or active devices and their associated bias lines into the unit cell area for dynamic reconfigurability. This outcome introduces a significant advantage for the satellite and 5G communication applications, where the scan angle is a crucial parameter to be optimized in order to sustain a high-gain data link by means of electronic beam steering. 
